Understanding when small-or large-bodied cladocerans dominate zooplankton communities has received considerable debate over the past 50 years. While a large body of research has proposed that large-bodied species are superior competitors over small-bodied species, other studies have shown that small-bodied species can dominate at least under some environmental conditions. We tested the hypothesis that dominance by small-and large-bodied cladocerans varied in response to the coupled effects of food supply and temperature. Laboratory experiments with poly-and monocultures of small-and large-bodied cladocerans were performed at three temperatures (16˚C, 22˚C and 27˚C) and with varying amounts of food supply. The results of the experiments showed that the small-bodied species (Ceriodaphnia quadrangula) dominated at low food supply and higher temperature, while the large-bodied species (Daphnia magna and Daphnia pulex) in contrast dominated at lower temperature and higher food supply. Furthermore, although there were variations in the relative biomass of the small-and large-bodied cladocerans in the polycultures, C. quandrangula replaced the two larger Daphnia species when they declined in biomass at low food supply. Species replacement in response to temperature and food supply helped to maintain the relatively constant level of total cladoceran biomass in the polycultures which was the most pronounced at the intermediate temperature. We suggest that the observed changes in dominance were similar to facilitative replacement rather than competitive exclusion. Physiological processes such as clearance rates can help to promote the succession of large-and smallbodied populations within a community along gradients of temperature and food availability.
INTRODUCTION
A large body of research has focused on understanding the interactions between large-and small-bodied cladocerans. Brooks and Dodson [1] proposed that in the absence of fish predation, large-bodied species were competitively superior to small-bodied species (i.e., the Size Efficiency Hypothesis; [1] ). While many studies have supported the predictions of the Size Efficiency Hypothesis [2, 3] , there is also a large body of research showing that small-bodied cladocerans are superior competitors [4] [5] [6] [7] . Based on these contradictory results, therefore, it is possible that dominance by either large-or small-bodied cladocerans is dependent on environmental conditions. For example, large-bodied cladocerans may dominate under one set of environmental conditions, but be replaced by small-bodied cladocerans under a different set of environmental conditions.
Temperature and resource availability are two environmental factors that not only regulate cladoceran abundance and community structure in general [8] [9] [10] [11] [12] , but also likely influence interactions between large-and small-bodied taxa. With respect to temperature, Moore et al. [13] hypothesized that the competitive ability of small-bodied cladocerans increases with increasing temperature. One reason for this increase may be that the energy requirements of small-bodied taxa increase at a slower rate with increasing temperature compared to large-bodied taxa [13] . In support, several field studies have shown that small-bodied cladocerans dominate in warmer subtropical and tropical fresh waters, a finding which has been contributed at least in part to higher temperatures [14, 15] . Combined, these studies suggest that small-bodied cladoceran species may be able to replace large-bodied cladocerans at higher temperatures.
The effects of temperature on cladocerans, however, are influenced by food availability and strong interactive effects of temperature and food concentration on the development, reproduction and population growth of cladocerans have been well documented [13, 16] . Both temperature and food availability affect metabolic processes and as a result their combined impacts on individuals are linked to life history responses [17, 18] . Furthermore, processes at the individual and population level are linked because metabolism sets both the demand for environmental resources and the resource allocation to survival, growth and reproduction [17] . For example, Orcutt and Porter [19] and Foran [5] found that the effects of temperature on Daphnia's r (population rate of increase) were reduced when algal resources were low. Giebelhausen and Lampert [16] also suggested that the fitness of D. magna was influenced by both temperature and food availability, while Gama-Flores et al. [20] experimentally showed that small Ceriodaphnia dubia and Daphnia pulex had different responses to the combined effects of food concentration and temperature. While these studies provided evidence that the effects of temperature on cladocerans are dependent on food availability, additional research is needed to better understand the coupled effects of temperature and food availability on cladoceran body size.
There are physiological constraints to the acceleration of development with temperature [13, 16] . High metabolic losses at elevated temperature can be compensated only if there is sufficient energy uptake. Thus cladoceran filtration rate should be enhanced as temperature increases and research has shown that filtration rate generally increases with both temperature and body size. However, cladocerans differ in their filtering responses to high temperatures and each species reaches a temperature maximum where filtering rate begins to decrease [21] . Furthermore, filtration rate is influenced by algal food concentration and filtration rates can decline at high food levels. Therefore, how the filtration rates of different cladocerans vary in response to the coupled effects of temperature and food availability should help to understand whether small-or large-bodied cladocerans are able to dominate communities.
We designed a series of laboratory experiments with poly-and monocultures of small-and large-bodied cladocerans at three temperatures (15˚C, 21˚C and 27˚C) and with varying amounts of food supply to determine: 1) if small-bodied species were more abundant under resource deficit at higher temperatures; 2) if there was a shift in dominance from small-to large-bodied species and vice versa based on the combined effects of temperature and food resources; and 3) how temperature influenced clearance rates in small-and large-bodied zooplankton.
METHODS
Three cladoceran species were used in this experiment: Daphnia magna Straus (adult body = 2.00 ± 0.08 mm, mean size + standard error), Daphnia pulex Leydig (1.6 ± 0.06 mm) and Ceriodaphnia quadrangula O.F. Müller (0.48 ± 0.01 mm). The first two species are considered large-bodied and the last is considered small-bodied. D. magna were obtained from laboratory cultures, D. pulex were collected from a pond near Lake Mikolajskie (Northern Poland), and C. reticulata were collected from Lake Mikolajskie. Prior to the start of the experiment, the cladocerans were cultured in 500 ml beakers in a flow-through system. The cultures were supplied with lake water that was collected from Lake Mikolajskie at a depth of 2 m, roughly 200 m from the shore line. The water in the beakers was exchanged daily.
To initiate the experiments, water was collected from Lake Mikolajskie and filtered through a 50 micrometer sieve to remove zooplankton. The experiments were conducted in 500 ml beakers that were suspended in 100 L aquaria that were temperature regulated with coolers and heaters with relay. Two replicates of each of the three species in monocultures and three species grown together in polycultures were established by adding 5 -6 mature individuals of each species from the laboratory cultures to the appropriate monocultures and polycultures beakers. Experiments were conducted at 15˚C, 21˚C and 27˚C. A long-day summer photoperiod (16:8 L:D) was applied. Green algae Scenedesmus quadricauda was added at a chlorophyll concentration of 14 µg/L to the flow-through system to increase food levels. Chlorophyll concentration was measured using a PhytoPam fluorometer (Walz, Germany). After the 10th day of the experiments the concentration of S. quadricauda was reduced 2-fold in the flow through system (e.g., 7 µg/L chlorophyll). This was done so that overcrowding did not occur in the beakers. This reduction of food concentration can be considered as a simulation of clear-water phase in lake ecosystems when changes in community structure can occur. The experiments were maintained for 45 days in July-August 2011. Every 5 days we counted the number of eggs and the number of juvenile and adult individuals of each species in each experimental beaker. During counting, animals were removed from the beakers, counted alive and then returned to the beakers. The biomass of each species was estimated for juveniles and adults using length weight regressions developed by [22] . The total biomass was measured as the sum of juvenile and adult biomass for each species individually. Egg number is a good predictor of food conditions in Daphnia [23] . Hence we also determined fecundity (number of eggs per adult female, eggs/female) for each taxa in mono-and polycultures to asses food conditions.
Clearance rate was measured for D. pulex, D. magna and C. quadrangula at each of the three experimental temperatures. Because the cladoceran species used in this experiment varied in body-size, clearance rates were corrected for biomass and presented as µg Chl filtered/mg biomass of cladocera/hour. In these experiments we used Lake Mikolajskie water that was first filtered through the sieve to remove all the non-edible particles over 30 µm [24] [25] [26] . To initiate the clearance rate experiments, 200 individual C. quadrangula, 100 D. magna, or 100 D. pulex were placed in 200 mL beakers with filtered lake water for 4 hours. An additional control treatment (no cladocerans) was also replicated in triplicate beakers to account for algae sedimentation. Chlorophyll a was measured both before and after each experiment using a PhytoPam (Walz, Germany) fluorometer after each beaker was gently shaken. Clearance rate was determined as the difference in chlorophyll concentration in control beakers and in test beakers for each the three study species. Clearance rates were compared using two-way Analysis of Variance (ANOVA) where species and temperature were the two factors.
RESULTS

Dynamics in Monocultures
On day 10 of the experiment, the biomass of D. magna was highest at 27˚C and lowest at 15˚C (Figure 1(a) ). After the food supply was reduced on day 10, the biomass of D. magna continued to increase at each of the three temperatures mainly due to somatic growth. However, populations of D. magna began to decline first at the highest temperature with populations going extinct on day 29 at 27˚C, on day 37 at 21˚C and on day 41 at 15˚C. During the period of higher food supply (e.g., days 1 -10), the maximum fecundity for D. magna was 8, 6 and 8 eggs/female at 15˚C, 21˚C and 27˚C, respectively. When the food supply was reduced after day 10, fecundity gradually declined to zero by day 33 at 15˚C, day 21 at 21˚C and day 13 at 27˚C (Figure 1 (a) ).
The monoculture population dynamics of the other large-bodied species D. pulex were similar to those observed for D. magna at each of the three temperatures ( Figure 1(b) ). The highest biomass on day 10 was observed at 15˚C and the lowest biomass was observed at 27˚C. After day 10 there was a short period where biomass increased and the highest peak of biomass was observed at 15˚C while the lowest peak of biomass was observed at 27˚C. As with D. magna, this large-bodied species went extinct earlier in the experiments at warmer temperature: D. pulex survived until day 45 at 15˚C, day 37 at 21˚C and day 33 at 27˚C. Maximum fecundity prior to the reduction in food supply on day 10 was 7, 7 and 4 eggs/female at 15˚C, 21˚C and 27˚C, respectively. When the food supply was reduced, fecundity gradually declined to zero by day 29 at 15˚C, day 21 at 21˚C and day 17 at 27˚C.
The biomass of C. quadrangula was low during the first ~25 days of the experiment regardless of food supply and temperature (Figure 1(c) ). Following this period of low growth, the biomass of C. quadrangula exhibited the sharpest increase and highest peak biomass at 27˚C. At 15˚C the biomass of C. quadrangula did not increase and remained low until the end of the experiment. Fecundity was the highest with enhanced food supply during the first 10 days with 6, 6 and 3 eggs/female at 15˚C, 21˚C and 27˚C, respectively. After the reduction of food supply on day 10, fecundity of C. quadrangula was low and rarely exceeded 2 eggs/female regardless of temperature. However, the biomass of C. quadrangula continued to increase at higher temperatures because the duration of juvenile development diminishes with rising temperature and birth rate increases [27] .
Dynamics in Polycultures
At 15˚C D. magna had the highest biomass of the three species through the first 10 days of enhanced food supply and until day 33 when its biomass decreased (Figure 2(a) ). D. magna reached its peak biomass on the day 21, which was a little lower than in monoculture. The biomass of C. quadrangula was extremely low over the course of the experiment and was lower than in monoculture. The biomass of D. pulex was also lower in polyculture than it was in monoculture. After the biomass of D. magna declined on day 33, the biomass of C. quadrangula started to increase; however, it never exceeded 1 mg (Figure 2(a) ).
The dynamics of the three species at 21˚C were different to those observed at 15˚C. D. magna dominated during the first 10 days of the enhanced food supply, the biomass of D. pulex was less than the biomass of D. magna and the biomass of C. quadrangula was low at the start of the experiment (Figure 2(b) ). On day 29 after the decline in biomass of the two large-bodied species the biomass of C. quadrangula began to increase. The difference in the dynamics of the three species between the 21˚C and 15˚C treatments was that biomass of C. quadrangula reached much higher levels at 21˚C than at 15˚C.
At 27˚C the biomass of C. quadrangula remained low until the extinction of the large-bodied species (Figure 2  (c) ). D. magna dominated the first 10 days with enhanced food supply and continued to exhibit the highest biomass until day 25. However, the maximum biomass of D. magna in polyculture was less than its maximum biomass in monoculture. D. pulex also exhibited lower biomass in polyculture than in monoculture. D. magna and D. pulex went extinct in the polycultures at 27˚C on day 29 and day 33, respectively. As the biomass of D. magna and D. pulex declined, C. quadrangula started to increase and it reached a peak biomass that was similar to that observed in monoculture.
Fecundity is considered as a good indicator of food conditions. Fecundity in the polycultures at each of the three temperatures was less than in the respective monocultures for each of the three species (Figure 2) . Fecundity was generally the highest during the first 10 days of the experiments, after which it declined more abruptly at 27˚C than it did at the lower two temperatures. Fecundity of C. quadrangula resulted in a second peak after the biomass of the large-bodied species decreased. The increase in fecundity of C. quadrangula was higher at 27˚C than it was at the other two temperatures.
Total biomass in each of the two replicates for all three species combined in polycuture was most stable at 21˚C. The dynamics of total biomass were different at the other two temperatures (Figure 3) . The total biomass at 15˚C decreased at the end of the experiment presumably because C. quadrangula could not compensate for losses in the biomass of the large-bodied species due to food reduction and low temperatures. In contrast, at 27˚C C. quadrangula was able to compensate for losses in biomass of large-bodied species following an overall decrease in biomass during the middle of the experiment.
Clearance Rate
Clearance rate per unit of biomass was significantly higher for the small-bodied C. quadrangula than it was for the two large-bodied cladocerans (ANOVA, species effect, F( 2,18 ) = 51.28, P < 0.001) (Figure 4) 
DISCUSSION
In contrast to previous predictions about cladoceran body size (e.g., SEH, [1, 3] ), our results support the hypothesis that there are shifts in dominance by large-and small-bodied cladocerans in response to coupled changes in temperature and food concentration. Specifically, high temperature combined with a high level of food supply resulted in conditions that favored D. magna and D. pulex; however, as the experiment progressed there was a reduction in food supply that favored C. quadrangula. While the biomass of the large-bodied D. magna began to decrease in response to the thermal and resource conditions, these conditions appeared to become more favorable for C. quadrangula which started to increase in biomass. We suggest that these changes in community composition were not driven by competitive exclusion, but instead by each species physiological and metabolic responses to the changes in environmental conditions.
Although there were major shifts in the biomass of the three taxa in polyculture at each temperature, there was little change in the total biomass of cladocerans over the course of the experiments. C. quadrangula was able to compensate for losses in the biomass of the large-bodied species at the two elevated temperatures. At the lowest temperature, however, the growth of C. quadrangula was too low to maintain the total biomass after the decline of the large-bodied species. The total biomass in our treatments was more stable at intermediate temperature than at either lower or higher temperatures. The relationship between species diversity and ecosystem stability is a central issue in ecological research [28] . Ecological theory suggests that increasing species richness of competitors can enhance the temporal stability of total competitor biomass [29, 30] . With respect to zooplankton, Steiner [28] showed that temporal variation in zooplankton biomass decreased with increasing taxonomic richness. While the mechanisms associated with this phenomenon are not well understood, our results provide a possible mechanism that helps to maintain a stable level of competitor biomass through species replacement along environmental gradients. Such mechanism of species replacement in the polycultures over time resembles the conceptual model of substitutive facilitation which occurs when a novel species functionally replaces a native species [31] . While food and thermal conditions for the large-bodied species deteriorated, they become more appropriate for C. quadrangula which started to grow and compensate for biomass losses by large-bodied species. Similar replacement was described by Lennon et al. [10] . Synergistic interactions between low quality food and elevated water temperatures explained late summer declines for some Daphnia populations in Clinton Reservoir (Kansas, USA), while the small non-native D. lumholtzi successfully filled this gap in the total biomass of cladoceran species at temperatures between 26 and 31˚C.
In terms of fitness, we suggest that small-and largebodied species can be complementary. As our data suggest, population advantages can shift from large-bodied species to small-bodied species and vice versa as environmental conditions such as temperature and food concentration change. It has been suggested that population fitness can be estimated in terms of population growth rate, r [5, 19, 32] . However, the effects of food availability on r may be dependent on the effects of temperature [33] . Daphniids cannot benefit from an increase in temperature if food is limiting. In fact, [19] and [5] found that the effects of temperature on r were reduced under low resource conditions. Hence temperature and food concentration effects are clearly interrelated. Population rate of increase and somatic growth rate in D. magna are closely related to the juvenile growth rate (g j ) [33] . The correlation is so strong that g j was suggested as a measure of fitness instead of r to construct reaction norms [16] . Therefore maximum g j can be used as an estimate of population fitness and the higher g j is, the more abundant a population should be. If so, the combined effects of temperature and food supply on fitness can be depicted as in Figure 5 . For large-bodied Daphnia, fitness is high at lower temperatures and higher food supply. For small-bodied Ceriodaphnia, however, fitness is high at higher temperatures and lower food supply due to enhanced foraging activity at higher temperature. In support, there are a number of studies showing that both low and high concentrations of algae can have negative effects on cladocerans and there are bell-shaped relationships between cladoceran demographic parameters and food concentration [20, 34, 35] .
As the fitness of a population is associated with somatic growth [16, 33] , population fitness therefore can be understood through the relationship between clearance rate and temperature and how this relationship influences the physiological responses of cladocerans. As C. quadrangula enhanced its clearance rate at elevated tempera- ture, the optimum level of clearance rate will shift along the food supply gradient to lower values as compared to large-bodied Daphnia sp. Gophen [36] also found that ingestion rate of Ceriodaphnia reticulata increased with increasing temperature from 15˚C to 27˚C. Clearance rate of large-bodied species on the contrary decreases at higher temperatures. Corresponding with these changes in clearance rate, species advantages should change along environmental gradients. Hence mechanisms of the species replacement may be provided by physiological processes.
In support of our predictions (Figure 5) , seasonal succession of zooplankton in temperate lakes has shown that large Daphnia species are replaced by small cladocerans in midsummer when water temperature increases and food supply declines [13, 37] . Long-term warming was shown to shift zooplankton communities from largebodied to small-bodied taxa [38] . Biogeographical studies also suggest that small-bodied cladocerans are often dominant over large-bodied cladocerans in warm tropical and subtropical environments [13] [14] [15] 39] ; however, there are some exceptions. For example, large bodied Daphnia were found in India, Australia, New Zealand and African lakes [13,40-42,] and the large-bodied Daphnia magna was introduced into the warm Lake Victoria of the East African Great Lakes [43] . Such contradiction can be explained if temperature effects are considered in combination with food abundance. Our proposed mechanism of species replacement may help to explain why some small-bodied species invade oligotrophic but not eutrophic lakes [44] . The success of small-bodied species over large-bodied species at low food supply was also demonstrated by Goulden et al. [45] and Romanovski and Feniova [6] . When in the experiments food supply was enhanced, quantitative advantage shift to large bodied counterparts. Foran [5] also found that the small-bodied Daphnia laevis had a competitive advantage over the large-bodied Daphnia magna at elevated temperature and low food level.
To conclude, the advantage of cladoceran species can change in response to the coupled influences of temperature and food concentration. Small-and large-bodied species have different reactions to these environmental variables: small-bodied species dominate at lower food supply and higher temperature, while large-bodied species in contrast dominate at lower temperature and higher food supply. This mechanism of species replacement along environmental gradients helps to sustain the total biomass of cladoceran communities throughout a season. Such mechanisms are similar to facilitative replacement rather than competitive exclusion. Physiological processes such as clearance rate coupled with assimilation and respiration rates may help to facilitate the succession of populations in a community along gradients of tem-perature and food availability.
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